Abstract. Ionizing radiation (IR) disrupts cellular homeostasis through multiple mechanisms including changes of the expression profile of genes. Although microRNAs (miRNAs), small single-stranded RNAs, have recently been recognized as important post-transcriptional regulators of gene expression, it is not well investigated if miRNAs function in the cellular response to radiation. Therefore, we determined if IR induces changes in the expression profiles of miRNAs and used this approach to identify IR-responsive miRNAs. To monitor the profiles of miRNAs, microarray analysis was conducted with irradiated IM9 human lymphoblastic cells. The expression levels of specific miRNAs were confirmed by quantitative real-time PCR (qRT-PCR) and statistically analyzed. Finally, the target mRNAs of some IR-responsive miRNAs were predicted with two different prediction programs. IR-exposed human lymphoblastic cells underwent cell cycle arrest and apoptosis. Apoptosis was more significantly increased at a higher radiation dose. There were 73 and 33 human miRNAs in 1 and 10 Gy-irradiated cells, respectively that showed expression level changes of >2-fold. By qRT-PCR analysis, it was revealed that the patterns of miRNA expression were similar to those observed in the microarray data, although the quantitative expression levels were discordant. Prediction of genes targeted by IR-responsive miRNA yielded several genes, many of which are involved in the regulation of apoptosis, the cell cycle, and DNA repair. The expression profiles of miRNAs in the IM9 human B lymphoblastic cells are strongly affected by IR and these changes may be involved in the regulation of cellular response to IR.
Introduction
Ionizing radiation (IR) is one of the major therapeutic approaches used to treat many types of cancers. The survival or death of irradiated cell depends upon the extent of damage induced by the IR and the level of cytoprotection or unrecoverable cytotoxicity within the cell (1) . Induction of reactive oxygen species (ROS) and reactive nitrogen species (RNS) by IR results in damage to DNA, proteins, and lipids, and ultimately changes intracellular signal pathways. Signaling events in response to IR are initiated through DNA damage sensing by ataxia-telangiectasia mutated (ATM), leading to the expression of various cytokines and cytokine receptors such as epidermal growth factor receptor (EGFR) (2) and tumor necrosis factor receptor (TNFR) (3) and the accumulation of ceramides (4, 5) . In addition, many intermediate signaling molecules including mitogen-activated protein kinases (MAPK), RAS, and TP53 are known to be critical factors in regulating the choice between cell death and cell survival.
Recently, a class of single-stranded RNA molecules of 22 nucleotides in length, termed microRNAs (miRNAs), has been shown to function as an important regulator of gene expression (6) (7) (8) (9) . In most instances, miRNAs are initially transcribed by RNA polymerase II as long primary transcripts (pri-miRNAs) that are processed in the nucleus by the microprocessor complex, consisting of the Drosha and Pasha proteins, into precursor miRNAs (pre-miRNAs) which are generally a ~70-nucleotide stem-loop structure (10) (11) (12) ). The pre-miRNAs then undergo exportin-5-dependent transport to the cytoplasm (13) followed by further trimming to mature miRNAs by the endonuclease Dicer, a component of the miRNA-induced silencing complex (miRISC) which also includes Argonaute proteins, the double-stranded RNA binding protein TRBP or Argonaute1/2, and the DEAD box helicase RCK/p54 (14) (15) (16) . However, this maturation process differs for intronic miRNAs (mirtrons), where the Drosha step is bypassed, and in plants, where there is no Drosha homolog (17, 18) .
In animal cells, the miRNA within the miRISC binds, usually through imperfect base pairing, to sites within the 3'-UTR of the target mRNA to direct its translational repression. In contrast, in plants, miRNAs generally recognize the coding region of the mRNA with near-perfect complementarity after which they stimulate the cleavage of the target mRNA in a process similar to RNA interference (RNAi) (6, (19) (20) (21) . miRNAs have been implicated in numerous biological processes including developmental timing, cell fate decisions, cell death and proliferation, stem cell function, tumorigenesis and disease (22) (23) (24) (25) (26) . Recently, other activities of miRNAs have been described, including the activation of gene expression by binding to complementary promoter sequences and the enhancement of translation by interacting with the 5'-UTR of target mRNAs (27, 28) .
Although there have been many studies on the expression profile and function of genes in the irradiated cell, the expression profile of miRNAs potentially involved in the response to IR has not been thoroughly investigated. In this study, we have used miRNA microarray and quantitative real-time PCR (qRT-PCR) to examine the miRNA expression profile of irradiated IM9 human B lymphoblastic cells. In addition, we have used target prediction methods to determine if differentially expressed miRNAs target IR-related genes. This study provides important findings that will help to understand the miRNA-mediated cellular responses of irradiated cells and its potential importance in therapeutics.
Materials and methods
Cell culture. The human B lymphoblastic cell line IM9 was cultured in McCoy's 5A medium containing 10% fetal bovine serum (FBS) and antibiotics at 37˚C in a humidified chamber supplemented with 5% CO 2 . One day before irradiating, 5x10 5 cells were seeded onto 60-mm culture dishes.
Irradiation and RNA preparation. Cells were cultured for 24 h prior to irradiation with either 1 or 10 Gy with a Gammacell ® 3000 Elan irradiator ( 137 Cs Á-ray source; MDS Nordin, ON, Canada). The irradiated cells were maintained for 24 h before extracting total RNA. The total RNA was extracted with TRIzol ® reagent (Invitrogen, CA, USA) according to the manufacturer's protocol. For the microarray studies, the quality and concentration of the RNA samples was determined with an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA) and an Ultrospec 3300 Pro UV/Visible Spectrophotometer (Amersham Biosciences, NJ, USA). The recommended RNA quality parameters for the microarray analysis are an OD 260/280 ratio in the range of 1.8-2.0, an OD 260/230 ratio >1.8, an 18s/28s rRNA ratio in the range of 1.8-2.1, and an RNA integrity number (RIN) of >8.0.
Analysis of cell cycle and apoptosis by fluorescence-activated cell sorter (FACS).
After irradiation, the cells were harvested and counted. For each experiment, 1x10 6 cells were used. For cell cycle analysis, cells were washed twice with 1 ml phosphate-buffered saline (PBS) and resuspended in 100 μl PBS. The cells were then fixed for 24 h at 4˚C by adding 200 μl of 70% ethanol to the cell suspension. The fixed cells were washed with PBS once and resuspended in 200 μl of PBS with RNase (50 μg/ml final conc.) and incubated at room temperature for 5 min. The cells were then stained with 4 μl of 50 mg/ml propidium iodide (PI; Sigma-Aldrich, MO, USA) at 37˚C for 5 min. Finally, the cells were analyzed with a BD FACSCalibur (Becton-Dickinson, NJ, USA) flow cytometer. To measure apoptosis, the cells washed twice with PBS and resuspended in 200 μl of 1X Annexin binding buffer. Then, 2 μl Annexin V-FITC (BD Biosciences, CA, USA) and 4 μl PI (50 μg/ml) were added to the cell suspension and incubated at 37˚C for 15 min. The stained cells were washed with PBS and analyzed with the FACS system.
Microarray analysis of miRNA profiles. The human miRNA microarray ver. 1 kit (Agilent Technologies), which contains probes for 470 human and 64 viral miRNAs, was adapted to analyze the expression profiles of miRNAs. Before hybridizing the miRNA to the microarray, the total RNA (100 ng) including miRNAs was dephosphorylated with calf intestine alkaline phosphatase (CIP) and denatured by adding DMSO and heating. The dephosphorylated RNA was labeled with pCp-Cy3 by T4 RNA ligase, and the labeled RNA was purified with a Micro Bio-Spin P-6 column (Bio-Rad Laboratories, CA, USA). The purified RNA was denatured and hybridized to the probe on microarray at 55˚C and 20 rpm in the Agilent Microarray Hybridization Chamber (Agilent Technologies) for 20 h. Then the microarray slide was washed with wash buffers and scanned with the Agilent scanner to obtain the microarray image. The numerical data for the miRNA profiles were extracted from the image with the Feature Extraction program (Agilent Technologies). These data were analyzed with GeneSpring GX software version 7.3 (Agilent Technologies).
qRT-PCR analysis of miRNAs. qRT-PCR was used to confirm the miRNA expression profiles obtained from the microarray data. The template miRNA cDNA was constructed from total RNAs by reverse transcription (RT) with RT-primers from the mirVana qRT-PCR microRNA primer set (Applied Biosystems/Ambion, TX, USA). The PCR was conducted with a Line Gene K real-time PCR machine (Bioer Technology Co., China). The SYBR-Green and U6 gene were used for detecting the gene amplification and normalizing each sample, respectively. The relative quantification of miRNA abundance was calculated with Pfaffl's model after determining the PCR efficiency by the method of Ramussen (29, 30) .
Target prediction of miRNAs. Candidate miRNAs, which were changed after both radiation doses, were picked for target prediction and analyzed with two target prediction tools, TargetScan 4.2 on the Whitehead Institute for Biomedical Research website (http://www.targetscan.org/) and miRBase Targets Version 5 in the Enright Lab on the Wellcome Trust Sanger Institute website (http://microrna.sanger.ac.uk/ targets/v5/). With TargetScan 4.2, all predicted target genes were selected, whereas only genes showing a best P-value <0.01 were selected from by the miRBase Targets Version 5. Human genes with experimentally verified functions related to apoptosis, cell cycle, or DNA damage and repair were selected from the Gene Ontology website (http://www. geneontology.org/). Finally, the genes predicted to be targets of the candidate miRNAs and those selected from the Gene Ontology website were aligned by their gene names and the matched genes were chosen and listed.
Statistical analysis. All numerical data from apoptosis and qRT-PCR assays were analyzed to confirm the effect of radiation doses with one-way analysis of variance (ANOVA). Within each data set, post hoc multiple comparisons were run with Tukey's honestly significant difference (Tukey HSD) to determine the statistical significance for differences between each pair of means. Differences were considered significant at a value of P<0.01.
Results

IR induces cell cycle arrest or apoptosis in IM9 human B lymphoblastic cells.
The major cellular responses to IR, cell cycle arrest and apoptosis, are known to be tightly regulated by ATM (31) . To determine how IM9 human B lymphoblasts, which express wild-type p53 (data not shown), respond to irradiation, we treated these cells with 1 or 10 Gy of IR and then monitored cell cycle progression and apoptosis by FACS analysis. The proportion of cells in the G0/G1, S, and G2/M phases of the cell cycle showed marked changes within 3 h of treatment with both 1 and 10 Gy of radiation (Fig. 1A) . In addition, at 24 h after treatment with either 1 or 10 Gy of IR, we observed significant increases in the fraction of apoptotic cells (Fig. 1B) . At this time point, cells treated with 1 Gy showed a 2-fold increase in the fraction of apoptotic cells, and cells treated with 10 Gy showed a 5-fold increase (P<0.01). This finding was supported by FACS sorting of PI-stained cells, where, following treatment with 10 Gy of IR, the cell population displayed a marked depletion of the G0/G1 and G2/M phases and a concomitant increase in the sub-G1 fraction (Fig. 1A) .
The miRNA expression profile is changed in irradiated cells.
The miRNA expression profiles were analyzed with the Agilent human miRNA microarray ver. 1 kit, which can detect 534 mature miRNAs, including 470 human miRNAs and 64 human viral miRNAs. One hundred nanograms of total RNA extracted from IM9 human B lymphoblastic cells exposed to 0, 1, or 10 Gy of IR was labeled and subjected to microarray analysis. The raw data converted from the microarray images with the Agilent Feature Extraction program was normalized by setting all measurements <0.01 to a value of 0.01 using Agilent GeneSpring software. A state of each spot that is significant in a microarray analysis is referred to as a flag. The miRNAs were filtered with flags as Present at least 1 of all samples in the normalized data. In total, 134 flagged miRNAs were collected from the 470 testable human miRNAs, and their expression profiles are illustrated in Fig. 2A . Many of these miRNAs showed no changes in expression. However, in the fold-change analysis, 73 and 33 of the flagged miRNAs showed at least a 2-fold change in expression level compared to the control in the 1 Gy-and 10 Gy-treated samples, respectively. There were 47 miRNAs that showed <2-fold change in expression level. The Venn diagram in Fig. 2B represents the number of miRNAs changed only by treatment with 1 Gy of IR, only by treatment with 10 Gy of IR, or by treatment with either dose (the overlap). In total, 19 miRNAs were affected by both doses of IR; however, some of these displayed different expression patterns following each of the two treatments. There were 16 up- regulated and 57 down-regulated miRNAs in the cells treated with 1 Gy of IR, whereas 23 miRNAs were up-regulated and 10 were down-regulated in the 10 Gy-irradiated cells (Fig.  2C) . We next filtered this list of IR-responsive miRNAs by statistically assessing the confidence of the measurements and including only those with P<0.05. This filtering step left 36 of 73 miRNAs changed by 1 Gy of IR, and 26 of the 33 miRNAs responsive to 10 Gy of IR (Table I) . Of the 62 miRNAs listed in Table I , 13 miRNAs were changed following both radiation doses.
Confirmation of expression profiles of candidate miRNAs by qRT-PCR.
To confirm the microarray-generated expression profiles of the miRNAs in Table I , we carried out qRT-PCR analysis of the expression level of several of these miRNAs. For each sample, the expression values were normalized to the U6 gene, and we calculated the expression levels relative to the control, untreated cells. Four miRNAs, miR-16, -202, -330 and -572, were selected for confirmation by qRT-PCR. The microarray data indicated that miR-16 is down-regulated only following 1 Gy, whereas miR-202 and -572 were respectively down-and up-regulated miRNAs by both radiation doses. We selected miR-330, which was down-regulated by 4.4-and 91.4-fold following 1 Gy and 10 Gy doses of IR, respectively, as an example to test the validity of the microarray data even though it did not pass the confidence filtering value of P<0.05.
For each candidate miRNA, the qRT-PCR analysis revealed similar patterns of up-and down-regulation to those observed in the microarray analysis (Fig. 3) . However, the magnitude of the fold changes in expression differed somewhat between what was observed by microarray analysis and what was observed by qRT-PCR. Nevertheless, it was confirmed that the expression levels of these miRNAs were significantly affected by radiation (P<0.01). miRNAs responsive to both radiation doses are predicted to target several genes related to apoptosis, the cell cycle, or DNA damage and repair. Thirteen miRNAs, which were responsive to both radiation doses (see Table I ), were subjected to target prediction with TargetScan 4.2 and miRBase Targets Ver. 5. Only genes with P<0.01 were selected from the list of miRBase-predicted targets, whereas all genes predicted to be targets by TargetScan were selected. Genes with functional annotations related to apoptosis (172 genes), cell cycle regulation and arrest (76 genes), or DNA damage and repair (82 genes) were selected from the Gene Ontology website. We then compared the list of target genes predicted by either TargetScan or miRBase Targets to the list of genes selected from Gene Ontology (Table II) . Four miRNAs, let-7c, miR-520d, -134, and -630, had no TargetScan-predicted targets found in the three gene ontologies we examined. In contrast, target prediction by miRBase Targets showed that all Table I . The list of miRNAs up-or down-regulated by at least 2-fold after radiation exposure.
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a The list was filtered to show only those miRNAs showing at least a 2-fold expression change, with confidence of measurement (t-test P-value) <0.05.
b F/C means fold-change.
- of these miRNAs have potential targets related to at least one of the three gene ontologies. TargetScan predicted 19 target genes for nine of the candidate miRNAs, 11 of which are annotated to be associated with apoptosis. In contrast, miRBase Targets predicted 73 genes targeted by the 13 candidate miRNAs, of which 42 genes have annotated roles in apoptosis. Among the targets predicted by TargetScan and miRBase targets, only five genes, deleted in liver cancer 1 (DLC1), Fas ligand (FASLG), glutamate receptor, ionotropic kainite 2 (GRIK2), cell adhesion molecule 1 (CADM1), and glutamate- Table II . The miRNAs predicted to target genes related to apoptosis, cell cycle, or DNA damage and repair. Expression  microRNA  Apoptosis  Cell  DNA damage  Apoptosis  Cell  DNA damage  regulation  cycle  and repair  cycle  and repair 
cysteine ligase catalytic subunit (GCLC), were predicted to be targets by both algorithms. Interestingly, four of these five genes were predicted to be targeted by different miRNAs by each algorithm, and only one gene, GCLC, was predicted to be targeted by the same miRNA, miR-575.
Discussion
When cellular damage induced by irradiation exceeds the cell's capacity for repair, specific signaling pathways are activated, leading to changes in gene expression and, ultimately, cell cycle arrest or apoptosis. The gene expression changes associated with the IR response in human lymphoblastoid cells have been well characterized by Akerman et al (32) . It was observed that genes related to cell cycle arrest, cellular detoxification, DNA repair, apoptosis, and glutathione metabolism were up-regulated, whereas genes that drive cell proliferation and mitosis were down-regulated in response irradiation. In this study, we confirmed that IM9 human B lymphoblastoid cells respond to 1 and 10 Gy of IR with both cell cycle arrest and apoptosis. Our data indicate that cells arrested in the G2/M cell cycle phases within 6 h of irradiation and widespread apoptosis was apparent at 24 h at both doses. However, in cells treated with 10 Gy of IR, apoptosis was apparent in the majority of cells within 6 h of irradiation.
To gain further insight into the radiation response of human lymphoblastic cells, we monitored the miRNA expression profile in these cells following one of two radiation doses. We observed significant miRNA expression profile changes by microarray analysis in response to IR treatment, and these changes were confirmed for some miRNAs by qRT-PCR. This suggests that miRNAs play a crucial role in cellular and molecular responses to radiation. Our target prediction data suggest that miRNAs responsive to IR may regulate the expression of genes involved in mediating the decision between cell survival and cell death. Among the 134 flagged miRNAs examined in this study, 87 (~65%) showed expression level changes of >2-fold. Of these 87 miRNAs, 49 showed statistically significant (P<0.05) expression level changes in the IR-treated cells. The failure of the remaining miRNAs to reach statistical significance in their fold changes may be due to very low expression levels. Interestingly, we noted different miRNA expression profiles in response to the different doses of IR. Because the cells responded differently to each of these doses, which are primarily by cell cycle arrest in response to 1 Gy and by apoptosis in response to 10 Gy, we hypothesize that the different miRNA expression profiles reflect different functional outputs that help contribute to the major cellular response to each dose.
Although novel activities of miRNAs have recently been reported, the best understood mechanism of miRNA action is through binding to the 3'UTR of target mRNAs to repress their translation (19, 33) . We predicted that mRNAs targeted by IR-responsive miRNAs would code for proteins related to apoptosis, cell cycle, and DNA damage and repair. To test this prediction, we used two target prediction algorithms, Target Scan and miRBase Targets, to identify potential targets of the IR-responsive miRNAs. Although there were many apoptosisassociated genes (~58%) among the predicted target genes, the outputs of the two algorithms were highly divergent as shown in Table II (34, 35) . Therefore, the target mRNAs of the IR-responsive miRNAs will have to be verified experimentally. As reported by John et al (36) , the target predictions suggested that each miRNA may regulate several mRNAs and a given mRNA could be regulated by multiple miRNAs. Among the predicted targets, GCLC, which was predicted as a target of miR-575 by both programs, has been reported to suppress tumor necrosis factor (TNF)-induced apoptosis and the activation of genes such as nuclear factor-κ B (NF-κB) and activator protein-1 (AP-1) (37) . In addition, we noted that miR-34a, a downstream target of p53 that regulates apoptosis and cell cycle arrest (38) (39) (40) , was up-regulated in 10 Gyirradiated cells (Fig. 2 and Table I ), implying that, in IM9 human B cells expressing wild-type p53 (data not shown), miR-34a may also be involved in the apoptosis and cell cycle response in associated with p53 activation after IR exposure.
In conclusion, the miRNA expression profile of human lymphoblasts is strongly responsive to radiation. These changing miRNAs likely regulate gene expression to influence the cellular response to radiation. This study will be helpful in understanding the cellular mechanisms mediating the response to radiation and will provide some insight into the therapeutic application of radiation.
